Abell 2163 at z 0.201 is one of the most massive galaxy clusters known, very likely in a post-merging phase. Data from several observational windows suggest a complex mass structure with interacting sub-systems, which makes the reconstruction of a realistic merging scenario very difficult. A key missing element in this sense is unveiling the cluster mass distribution at high resolution. We perform such a reconstruction of the cluster inner total mass through a strong lensing model based on novel spectroscopic redshift measurements. We use data from the Multi Unit Spectroscopic Explorer (MUSE) on the VLT to confirm 12 multiple images of 4 sources with redshift values from 1.16 to 2.72. We also discover four new multiple images and identify 29 cluster members and 35 foreground and background sources. The resulting galaxy member and image catalogs are used to build five cluster total mass models. The fiducial model consists of 111 small-scale sub-halos plus a diffuse component, which is centered ∼ 2 away from the BCG belonging to the east Abell 2163 sub-cluster. We confirm that the latter is well represented by a single, large-scale mass component. Its strong elongation towards a second (west) sub-cluster confirms the existence of a preferential axis, corresponding to the merging direction. From the fiducial model, we extrapolate the cumulative projected total mass profile and measure a value of M (< 300 kpc) = 1.43 +0.07 −0.06 × 10 14 M , which has a significantly reduced statistical error compared with previous estimates, thanks to the inclusion of the spectroscopic redshifts. Our strong lensing results are very accurate: the model-predicted positions of the multiple images are, on average, only 0 .15 away from the observed ones.
Introduction
Our understanding of galaxy clusters has significantly improved in recent years, thanks to high-quality datasets from multi-band surveys with the Hubble Space Telescope (HST ) and spectroscopic follow-up programs with ground-based telescopes. The VIsible Multi-Object Spectrograph (VIMOS) and the Multi Unit Spectroscopic Explorer (MUSE), both mounted on the Very Large Telescope (VLT), have been successfully used to study the mass distribution of galaxy clusters. They have also allowed to charumberto.rescigno@unimi.it acterize some of the most distant galaxies known to date, as in the Reionization Lensing Cluster Survey (RELICS, Coe et al. 2019) , whose main goal is to discover and study hundreds of galaxies at z > 6 to better understand the epoch of reionization (Salmon et al. 2017 (Salmon et al. , 2018 . In this program, 46 fields were selected among the most massive Planck clusters (M 500 > 4 × 10 14 M ), showing exceptional strong-lensing features. Two other relevant examples are the Cluster Lensing And Supernova survey with Hubble (CLASH, Postman et al. 2012 ), a 524-orbit HST Multi-Cycle Treasury program targeting 25 high-mass clusters, and the Hubble Frontier Fields program (HFF, Lotz et al. 2017) , an initiative aimed to obtain the deepest HST and Spitzer Space Telescope observations of six clusters and their lensed galaxies. In this work, we use HST data products from the RELICS survey, supplemented with MUSE spectroscopy, and derive the total mass distribution in the core of the cluster Abell 2163 (hereafter A2163) via a strong gravitational lensing analysis.
A2163 is one of the richest Abell clusters, with remarkable features, a complex structure and a variety of interacting sub-systems manifesting their presence and activity all over the electromagnetic spectrum. As pointed out in Soucail (2012) , the relations among its mass components are not yet well explored, thus making hard to define a clear picture of the cluster physical state. In particular, the relations between its different components have never been confronted via detailed strong lensing studies based on spectroscopic measurements. With our work we bridge this gap and provide redshift measurements of all multiple images previously detected and of the new ones we have identified.
All A2163 properties (see below Sect. 2) suggest that its core is in a non relaxed state and is undergoing some sort of (post-)merging process, which adds complexity to the dynamical properties of this system. To reconstruct a realistic scenario for A2163, it is thus necessary to use all information at our disposal and combine all mass measurements. In this cluster, X-ray, optical and weak lensing studies are all present in the literature, with mass estimates somehow discordant (Okabe et al. 2011; Bourdin et al. 2011) , while strong lensing mass models rely on photometric redshifts only (Cerny et al. 2018, hereafter C18) . The present work is intended to complete the results of the other mass diagnostics, providing a strong lensing mass estimate of the core of A2163.
Finally, for massive clusters where the first merging passage has already occurred, a further intriguing research opportunity is offered by deriving a high-resolution mass map, like that provided here. In fact, it should be possible to test the presence of the dark matter (DM) self-interaction (Spergel & Steinhardt 2000) by analyzing the displacements of the three mass components of each cluster merging substructures Harvey et al. 2015) : the DM halo, the galaxies and the hot gas. The spatial configuration representative of such a DM scenario predicts an X-ray peak located in the barycenter of the two merging systems, due to the gas collisional behavior; then, from here towards two opposite directions, there should be the centers of the two self-interacting DM halos associated to each sub-cluster and, to follow, the luminous galaxy component, which is collisionless.
The outline of the paper is as follows. In Sect. 2, we introduce A2163 overall, its multi-wavelength characteristics and its sub-components. We then release our catalog of all reliable, spectroscopic redshifts in Sect. 3 (Table 1) , where the cluster HST imaging and MUSE spectroscopic observations are described. In Sect. 4, we detail the selection criteria for both cluster members and multiple images and present our strong lens modeling of A2163; here, we also describe the method adopted to derive the total, projected mass profile of its core, which is shown in Sect. 5, together with other results. Finally, in Sect. 6, we compare our work to the literature and sketch our conclusions.
Throughout this paper, we adopt a ΛCDM cosmology with Ω M = 0.3, Ω Λ = 0.7, and H 0 = 70 km s −1 Mpc −1 , so that, in this cosmology, 1 corresponds to a physical scale of 3.31 kpc at the cluster redshift (z Lens = 0.201). Moreover, all magnitudes are measured in the AB system (AB := 31.4 − 2.5 log f ν /nJy ) and images are oriented north-east, with north at top and east to the left, with angles measured counterclockwise, from the west direction.
Abell 2163
Located at z 0.201, A2163 is the most massive galaxy cluster of the RELICS Survey, with a mass M 500 of approximately 1.6 × 10 15 M , as estimated from the Planck collaboration (Ade et al. 2016 ) and reported in C18.
A2163 is among the most luminous clusters in X-rays (L X[2−10 keV] = 6.0 × 10 45 erg s −1 , Elbaz et al. 1995) , with exceptionally high gas temperatures, varying between 11.5 and 14.6 keV (Arnaud et al. 1992; Elbaz et al. 1995; Markevitch et al. 1996; Markevitch & Vikhlinin 2001) . The gas distribution is non-isothermal, with a high temperature gradient in the center and a strong temperature decline in the outer regions (Markevitch et al. 1994; Govoni et al. 2004; Ota et al. 2014) ; its generally complex gas distribution shows features similar to those observed in the Bullet cluster (e.g. Soucail 2012). Nord et al. (2009) presented A2163 maps based on the Sunyaev-Zel'dovich effect (SZ) at two frequencies, 150 and 345 GHz, from observations with the APEX-SZ bolometer and the LABOCA bolometer camera, respectively. In combination with archival XMM-Newton X-ray data, SZ measurements were used both to model the radial density and temperature distributions of the intra-cluster medium and to obtain the total mass profile and the gas-to-total mass fraction. Under the assumption of hydrostatic equilibrium and spherical symmetry, the calculated total mass was M (r < 100 kpc) = 4 − 6 × 10 13 M and the gas-to-total mass ratio (enclosed within 300 kpc) was ∼ 0.10 − 0.15.
As first reported in Herbig & Birkinshaw (1994) , A2163 radio emission reveals one of the most powerful and extended halos ever detected. This structure, centered in the cluster core, has a quite regular shape and an elongation in the E-W direction, similar to the X-ray emission. An elongated, diffuse source, interpreted as a potential radio relic, is also present in the north-east region (Feretti et al. 2001) . The coexistence in the same cluster of a central radio halo and a peripheral relic would suggest a common origin for both structures, to be confirmed by detailed investigations about the cluster merger state (Feretti et al. 2001 ).
An in-depth optical analysis of A2163 was conducted by Maurogordato et al. (2008) and in this work we will use the same names for its sub-components (see Fig. 6 of that paper). In the main cluster (A2163-A), galaxies are distributed in two main clumps (A2163-A1, R.A. 16:15:50.9, Decl. −06:08:29, in the north-east, and A2163-A2, R.A. 16:15:39.3, Decl. −06:09:15, in the south-west), which can be regarded as a pair of colliding structures that will eventually merge into a bigger one. Weak lensing analyses (Okabe et al. 2011; Soucail 2012) found evidence of a bimodal total mass distribution, with the peak of the hot gas located between the two total mass peaks. Moreover, A2163-A shows a velocity field with a strong gradient, following the galaxy distribution and elongated in the NE/SW direction (Soucail 2012) . At larger distances from the main mass clumps there are several sub-structures: beyond the northeast radio relic, the most significant one is in the north (A2163-B, R.A. 16:15:48.8, Decl. −06:02:21), nearly coincident with a secondary X-ray peak. Studies from spectroscopic and imaging data (Maurogordato et al. 2008 ) confirm that A2163-B is part of the cluster and that is dynamically separated from A2163-A. Nevertheless, between A2163-A and A2163-B, a bridge of faint galaxies (along the northsouth axis) suggests that the latter is probably infalling into the cluster core (Maurogordato et al. 2008) .
In summary, all the results listed above suggest that the cluster core structures, A2163-A1 and A2163-A2, have undergone a recent merger along the elongation direction, while A2163-B is infalling into A2163-A. Although this post-merging scenario is a plausible option, the merging history of A2163 is not yet well-constrained.
Observations and data

HST imaging
We use archival HST photometric data in the optical and near-infrared bands (0.36 − 1.70 µm), taken with 7 filters incorporated in the Advanced Camera for Surveys (ACS) and the Wide Field Camera 3 (WFC3). A2163 was observed with the same seven filters adopted in the HFF campaign, for eight ACS and four WFC3/IR orbits, spanning two HST pointings as part of two different HST programs (a 32-orbit Treasury program, ID GO 12253, cycle 18, P.I. D. Clowe and a 190-orbit program, ID GO 14096, cycle 23, P.I. D. Coe). Further information (e.g., observation dates, exposure times, etc.) are listed in Table 1 of De Propris et al. (2013) and in Table 2 of C18. Fig. 1 shows a color composite image of the cluster core, obtained as the combination of the filters F435W, F606W+F814W and F105W+F125W+F140W+F160W, respectively, for the blue, green and red channels. The reduced HST images are publicly available on MAST 1 .
MUSE spectroscopy
We employ ground-based spectroscopic observations taken with the MUSE instrument (Bacon et al. 2012) , mounted on the UT4-Yepun, at the Very Large Telescope (VLT) of the European Southern Observatory (ESO).
Specifically, we use spectroscopic data in the north-east inner region of A2163 from the pointing shown in Fig. 1 .
The observations were collected in July 2014 and released in September of the same year, and they were part of one of the instrument commissioning programs (ID 60.A-9100(C), P.I.s MUSE TEAM). A total exposure of 4 hours was obtained in one single pointing, with an average seeing smaller than 1 . The standard data reduction was performed as described in Grillo et al. (2016) and Caminha et al. (2017a,b) .
In order to extract spectra and measure redshifts, we consider the RELICS HST ACS+WFC3/IR catalog extending over a total area of ∼ 23 arcmin 2 and containing more than 5500 sources, remove duplications due to segmentation problems and include 14 additional sources visually identified. We then extract a total of 230 spectra, within circular apertures with radii of 0.6 , that belong to the HST sources inside the MUSE field of view (FoV); finally, we measure the corresponding redshifts through the software EZ (Garilli et al. 2010) . Each measurement is tagged with a Quality Flag (QF), which quantifies its reliability, as detailed in Balestra et al. (2016) and Caminha et al. (2016) : insecure (QF = 1), likely (QF = 2), secure (QF = 3), based on a single emission line (QF = 9). Redshift estimates with QF = 9 are also considered reliable, since the MUSE spectral resolution allows to identify the shape of narrow emission lines (e.g., Lyα) and to distinguish finestructure doublets (e.g., [OII] ). We obtain a sub-sample of 64 sources with spectra having QF ≥ 2: 18 stars, 29 galaxies at z 0.20 and 17 (background) galaxies with z > 0.33 (with 2 high-redshift sources at z 4.58 and z 4.99). The set of 29 galaxies listed in Table 1 satisfies the cluster membership criteria described in Sect. 4.1, they thus represent our sample of spectroscopically confirmed cluster members that we will use in the lensing analysis. The remaining (foreground and background) sources are listed in Table A .1.
With regard to multiple images, we have measured the spectroscopic redshifts of four families, labelled as F1, F2, F3, F4, following the notation in C18. Contrary to the other families, each having three images with at least one secure redshift (QF = 3), F2 has no image with QF > 1. In Fig.  2 we illustrate, in each panel, one of the reference spectral lines used to estimate the image redshift and a HST snapshot centered on each image. The distribution of all multiple images is reported in Fig. 4 and more details about them are given in Sect. 4.2.
In this work, we provide the first spectroscopic confirmation of 8 multiple images, the only secure ones known to date for A2163. In fact, in previous studies (e.g., C18), the possible lensed sources in the cluster core were identified only on the basis of their photometric information. There, the photometric redshifts of some multiple images have different values, but the redshift values of each family, optimized in the strong lensing models, are all consistent (within the errors) with ours (see Table 13 in C18). We select here the galaxy members to include in the mass model of the cluster based on the galaxy spectroscopic and photometric information. Among the sources with a reliable redshift estimate (i.e., QF ≥ 2), we identify 29 galaxies as being part of A2163 (see Table 1 ): they have a redshift distribution which can be fitted with a gaussian distribution with mean and standard deviation values ofz 0.201 and σ z 0.006, respectively. This corresponds to a cluster velocity dispersion of σ v ∼ 1450 km s −1 . The galaxy velocities (relative to the cluster mean redshift) are shown in Fig. 1 and they are derived as in Harrison (1974) , namely taking into account the main motions which contribute to determine the observed redshift values.
As a complement to the above-mentioned spectroscopic catalog, we perform a photometric selection of galaxy members, referring to a novel method based on the extreme deconvolution (Bovy et al. 2011 ) of galaxy color distribution.
We define a six-dimensional color space, within which the 7-band galaxy dataset of the whole HST catalog is analyzed. We perform a deconvolution of the color distribution of two populations of galaxies, namely the cluster members and the field galaxies, respectively inside and outside the redshift range used to set the membership criterion (i.e., z between 0.19 and 0.22). The deconvolution, which takes into account both the photometric errors and possible incomplete measurements (where one or more bands are missing), produces for each population a representation of the colors distribution of member and field galaxies as a Gaussian Mixture Model (GMM). Since the two populations follow two different GMMs, we can calculate the membership probability for each galaxy on the basis of this probabilistic model. To this purpose, we apply Bayes' theorem, using a 50% prior that the galaxy is a cluster member. Finally, in order to foster cluster galaxy purity over completeness, especially for the reddest sources, we choose a member probability threshold of P > 95%, maximizing the inclusion of the most massive galaxies, which affect more the lens model (see also Sect. 3.3.1 in Grillo et al. 2015) . We report in Fig.  3 the magnitude distribution of cluster members, obtained with such a choice and with a limiting F814W magnitude of 24 mag.
With this method, 82 additional photometric members (mostly outside the MUSE FoV) were integrated in the spectroscopic catalog to constitute the final, more complete sample of 111 galaxies used in the lensing analysis.
Multiple images
The identification of lensed sources is conducted adopting different strategies: we consider all A2163 information available in the literature in light of the indications of our novel data, perform an inspection of both the HST image and the MUSE data-cube, and finally identify further image candidates, as predicted from a preliminary strong lensing model.
We measure the redshifts of all the lensed systems selected by C18, spectroscopically confirming 8 multiple images belonging to three of the four families there collected. We then create a starting model (RUN 1 in Table 3 ) based on a catalog which is a combination of new and previouslydetected multiple images: they are 10 in total and the corresponding MUSE 1D spectra and HST snapshots for 7 of them are shown in Fig. 2 . Specifically, for the RUN 1 model, we do not use the images of family F2 of C18 and include families F3 and F4. Finally, F1 images were selected based on the following considerations. We identify three new candidates, visually found in the HST data. They are labelled as 1c, 2c and 3d, and they lie in the proximity of the BCG, at an approximate distance of 5 arcseconds (∼ 17 kpc). Since their photometry is contaminated by that of the BCG, only image 1c was classified as likely (QF = 2). As a result, in our RUN 1 model, we include the new image (1c) and do not consider 2c and 3d (QF < 2).
We then recover a further image (4d) also for family F4: this is a very interesting multiple image system generated by the combined effect of the cluster and a cluster member gravitational potentials, a situation which is not rare in dense galaxy cluster environments (see e.g., Grillo et al. 2014; Parry et al. 2016; Caminha et al. 2017a; Meneghetti et al., in prep.) . The galaxy acting as a strong lens is a bright elliptical cluster member, around which a background source is distorted into some arclets (4a, 4b,
F1
F3 F4 Fig. 2 . HST image cutouts with the circular aperture (green circle) we use to extract the image spectra and the relevant spectral details for some multiple images in A2163 core. The panels of each column refer to the same family and (from the top to the bottom) to the images a, b and c, respectively. QFs for all multiple images are reported in 4c) and a more compact image (4d). A detailed analysis of the system F4 can be found in a separate paper (Bergamini et al., in prep.) , where several galaxy-galaxy strong lensing systems in different galaxy clusters are studied.
The image 4d is not visible in the HST images, but it can be identified in the subtracted MUSE data-cube. In detail, through the MUSE Python Data Analysis Framework (MPDAF, proceedings of ADASS XXVI, 2016), we sum spatial pixels of the cube over the wavelength interval of the [O II] emission line doublet, which is very prominent in the spectra of the other images of the same family. From this interval, we also eliminate contamination effects by subtracting the background emission taken from two cube slices, below and above the [O II] wavelength range. We also include 4d in the first catalog used in this preliminary stage. Hence, the RUN 1 model consists of three lensed systems with at least one multiple image per system having a secure redshift.
The complete set of multiple images has a F814W observed magnitude (when present) range of m F 814W 24 − 29 mag and spans a redshift range between 1.16 and 2.72, with images of the same family having an equal redshift value (that with the highest QF). They are well represented by point-like objects (with the exception of the two F4 arcs) and cover the cluster core, targeted by the MUSE observations (Fig. 1) Fig. 3 . Magnitude distribution of the cluster members, having mF 814W < 24 and a member probability P > 95%; the whole sample is shown as a gray histogram, while spectroscopically confirmed galaxies (29) and photometrically selected members (82) are in red and green, respectively. 
Mass components
We model the total mass distribution in the core of A2163 with two kinds of mass components: a cluster-scale halo, containing mainly DM plus diffuse baryonic matter (i.e., hot gas and stars contributing to the intra-cluster light), and a certain number of small-scale halos, describing each galaxy member and the respective DM sub-structure around it. As in Bonamigo et al. (2017) , for both components we refer to a dual Pseudo-Isothermal Elliptical (dPIE; 
Here, σ 0 is the central velocity dispersion, R T and R C are the truncation and core radii, respectively; R ε is the projected radius adjusted to take into account an ellipticity parameter, ε, which is defined through the minor-to-majoraxis ratio, q. The reference profile has, in general, seven free parameters: the two centroid coordinates, σ 0 , R T , R C , ε and the position angle, θ. For the diffuse component, we only fix the value of the truncation radius to infinity, because strong lensing data cannot constrain this parameter, and keep all the other parameters free. This implies a total of six free parameters. On the other hand, each cluster member is modeled with a spherical dPIE profile, having a vanishing core radius and centered on its luminosity peak. To reduce the number of free parameters associated with the mass contribution of the cluster members, we assume for them two scaling relations:
where R T,i , σ 0,i and L i are, respectively, the values of the truncation radius, central velocity dispersion and F814W luminosity of the i-th sub-halo; R T,g , σ 0,g and L g are the same quantities for a reference galaxy, which we identify with the BCG (m F 814W 16.55 mag). We choose these scaling relations because they reproduce the variation of the total mass to light ratio M/L with luminosity observed in early-type galaxies, known as the tilt of the fundamental plane (Faber et al. 1987; Bender et al. 1992 ). These equations translate into only two free parameters for the cluster small-scale total mass component, R T,g and σ 0,g . The cluster member generating the images of family F4 also follows these relations, except for one lens model (see RUN 5 in Sect. 5).
Method description
We infer our final mass model of A2163 through the minimization of the distances between the positions of the observed (θ obs , with uncertainty σ obs ) and model-predicted (θ pred ) multiple images. To do that, we use the function
where the subscripts i and j refer, respectively, to the multiple images, in total N Im,j (for the j-th family), and the corresponding family, in total N F ; p is the vector grouping all the model parameters (once the cosmological ones are fixed). As in Caminha et al. (2016) , to quantify the accuracy and the precision of the model, we refer also to the root-mean-square (rms) value of the distances between the observed and model-predicted positions of the multiple images. This quantity is independent of the value of σ obs and is defined as
where N is the total number of multiple images. We adopt the software lenstool (Jullo et al. 2007 ), which implements the dPIE mass profile described by Eqs.
(1) and Bayesian Markov Chain Monte Carlo (MCMC) techniques to efficiently explore the posterior distribution of each parameter. We use them to compute the statistical errors and the correlations among the model parameters. Moreover, every run is conducted until convergence, using more than 10 5 points to sample the posterior probability distribution of the parameters. We choose relatively large uniform priors, setting a conservative range of variation for the parameter values.
In a preliminary run, we tune the uncertainty on the position of the multiple images, to take into account the impact of factors influencing this quantity, such as the clumpiness of the DM distribution in the cluster, the presence of mass interlopers between lensed background sources and the observer and the limitations of parametric mass models (Jullo et al. 2010; Host 2012) .
Specifically, an initial uncertainty of 0 .10 is used 2 , representing about 2 pixels of the HST images (i.e., 0 .06); then, to include the effects mentioned above, we increase this starting reference value in a second lenstool run in order to have a minimum χ 2 value comparable with the number of degrees of freedom (d.o.f.). As previously explained, to model the cluster total mass components, we fix to 8 the number of free parameters 3 , to which we have to add the two coordinates defining the position of each multiply imaged source. For this reason, the number of d.o.f. varies according to the number of the lensed sources and that of all multiple images, since we use the positions of the latter as constraints.
Finally, the parameter values of the most probable model (i.e., our fiducial model ) are used to obtain a number of results, such as the projected, total mass profile in the cluster core. 
Results and discussion
With the method detailed in Sect. 4.4, we explore the results of a collection of runs, reported in Table 3 . We start from the model presented in Sect. 4.2 (RUN 1), in which we consider a minimal number of multiple-image systems and a reduced version of our final catalog of cluster members (only including cluster galaxies spectroscopically confirmed). We then refine the model choices of each successive run considering the results of the previous one. For example, we include further images, properly selected on the basis of the findings of each preceding run. We now describe the analysis process from the first model to the fiducial one (corresponding to RUN 5). In this model, the adopted multiple images are those given in Table 2 .
For the first model (RUN 1), a final rms offset between the observed and model-predicted positions of the multiple images of δ rms = 0 .25 is found. This model predicts two Fig. 6 . Critical lines of the fiducial model, for sources at redshifts 1.164 (gold), 2.389 (orange) and 2.723 (red), superposed on a color composite image of A2163-A1. Table 3 . Summary of run characteristics and results. For each run, we report the ID, the images included in the corresponding model and its relevant statistical quantities: the initial value of the minimum χ 2 (the final one equals the number of d.o.f., column 4) and the rms error, as defined in Sect. 4.4.
RUN ID
images 1 and 3 (1d and 3d) , angularly very close to those we have visually identified as possible candidates. For this reason, they are included in a second, larger catalog. Thus, the second model (RUN 2) reproduces the multiplicity of all families and consists of three systems of four images each. It leads to a comparable final rms error of δ rms = 0 .26. Only at this stage, we consider the four images of F2, all having a quality flag QF < 2: three come from the literature (C18) and the remaining one (2d) was identified by us in the HST data. The addition of F2 to the previous image catalog is justified by considering that the corresponding background source seems connected to that of F1, as illustrated in Fig. 5 . We find that the final rms error reduces when the F2 source redshift, z F2 , is free to vary (RUN 3). However, a similar rms value is recovered when we consider an additional run, identical to RUN 3, except for z F2 , which we fix to the redshift value of F1. Moreover, the model-predicted redshift, z F2 = 2.666 ± 0.174, has a value consistent with that measured for family F1, with a difference of ∆z ∼ 0.06. For the last two runs (RUN 4 and RUN 5), we consider an extended cluster member catalog, including both spectroscopic and photometric members (as detailed in Sect. 4.1). Compared to RUN 3, in RUN 4 (where z F2 ≡ z F1 ) the logarithm of the evidence increases, δ rms does not improve significantly and the number of free parameters is smaller. The BCG velocity dispersion value is σ 0,g 400 km s −1 . We seek to explain this quite high value, by analyzing how the scaling relations (2)-(3) work in practice. We find that the values of the parameters of the scaling relations are driven by the galaxy around which the family F4 is observed, consequently the high velocity dispersion value of the BCG derives from the assumption that the same relations hold for all the cluster members. A comparison between our value of the BCG velocity dispersion with that derived by other strong lensing studies is not possible here, due to the the lack of such information in the literature. Based on these considerations, in RUN 5, we free from the scaling relations the galaxy contributing in the formation of F4 arcs and model it with a spherical isothermal mass profile, with two additional free parameters, the central velocity dispersion, σ 0,g2 , and the truncation radius, R T,g2 . RUN 5 provides the best results, thus we refer to it to illustrate our findings.
Our fiducial model predicts very accurately the positions of the multiple-image systems, with a final rms error δ rms 0 .15, i.e., approximately 2.5 HST pixels. Fig. 6 shows the critical curves corresponding to the three redshift values of the multiple image systems used in RUN 5.
We find a small (projected) distance of ∼ 2 .0 between the position of the diffuse component and the center of the BCG (see Fig. 8) , with the last one towards east. Moreover, the smooth halo is flattened and elongated towards the A2163-A2 south-west direction. The (median) values of the parameters and their errors can be found in Table 4 and Figs. 8, 9 and 10 . Compared to the results by C18, we find smaller errors, but the parameter values are overall consistent. We remark though that the inclusion in the models of the spectroscopic redshift values for the strongly lensed sources alleviates the parameter value degeneracies and thus significantly reduces the statistical error on the cumulative total mass profile of the cluster. In fact, our extrapolated value at 300 kpc, M (< 300 kpc) = 1.43 +0.07 −0.06 × 10 14 M , is consis-tent, within the errors, with that found by C18, M (< 300 kpc) = (1.6 ± 0.3) × 10 14 M .
From our new strong lensing model of A2163-A1, the cumulative projected total mass profile (relative to the position of the BCG) confirms that in A2163-A1 the cluster halo is traced by its total light distribution. We also isolate the profiles for the two cluster mass components. The total, the halo, and the sub-halo mass profiles are shown in Fig. 7 . There, three sets of curves are reported with different colors to distinguish between the total mass profile (in black) and those of the diffuse halo (in blue) and of the sub-halos asso- ciated with cluster members (in orange). Solid and dashed lines identify the median and 16th − 84th percentiles, respectively, while the light ones show a sub-sample in the final MCMC chains. The contribution to the total mass of the cluster-scale and the galaxy-scale components are ∼ 90% and ∼ 10%, at R > 100 kpc, respectively. Nevertheless, including mass sub-structures in a strong lensing model is fundamental to reconstruct a detailed cluster mass distribution for different reasons: first, to reproduce accurately the observed positions of the multiple images (Kneib et al. 1996; Meneghetti et al. 2007 Meneghetti et al. , 2017 , then, to understand the effective lens efficiency in the presence of a large numbers of perturbers and, finally, to avoid the introduction of systematic effects (Jullo et al. 2007 ). Finally, a direct comparison with the total mass maps in the literature is not possible, since the needed information is not provided (e.g., in Soucail 2012, the mass map contour levels derived from weak lensing analyses have no quoted values). The only exception is C18, whose convergence map is available on MAST. Fig. 11 shows the contour levels of the total surface mass density as derived in this work (in green) and in C18 (in red). We find an overall agreement, with only some variations which can be explained in terms of the different cluster member selection and sub-halo total mass modeling. In particular, in this work, the values of the ellipticity and position angle of the sub-halo component are not fixed to those obtained from the luminosity distribution of the cluster galaxies, because there is no conclusive evidence that the stellar mass elongation and orientation trace well those of the total mass of a galaxy at large distances from its center. Thus, we have prefered to adopt simpler, circular total mass profiles to model the cluster sub-halos.
Conclusions
In this paper, we have concentrated on the innermost region of the cluster A2163. We have presented our redshift measurements for all the member galaxies in the cluster core and within our MUSE FoV, compiling a pure spectroscopic catalog. Then, we have extended it to an accurately selected sample of member candidates, based on photometric information. We have also reported the discovery of new multiple images and, exploiting our novel MUSE data, confirmed spectroscopically the majority of those already found in the literature. With such a solid dataset, we have built a new strong lensing model, using HST positions of multipleimage systems as constraints, and finally determined an accurate projected total mass profile in the core of A2163. We have also decomposed the profile in the two clusterand galaxy-scale components, clarifying which parameters of the diffuse mass distribution are in favor of a possible cluster merging scenario.
The main results can be summarized as follows:
1. We have measured the spectra of more than 200 sources in the A2163 core and spectroscopically confirmed 35 foreground and background sources (Table A .1), 29 cluster members (Table 1 ) and 8 multiple images. 2. We have discovered 4 new multiple images and presented a final catalog consisting of 16 multiple images from 4 different sources, with redshifts from 1.16 up to 2.72 (Table 2) . 3. We have compared the predicted positions of the multiple images with those of their observational counterparts and found, for our fiducial model, an rms value of δ rms = 0 .15. 4. After testing different lensing models, we have concluded that the projected total mass distribution of A2163-A1 can be well represented by a diffuse component with a dPIE profile, a galaxy-scale spherical halo and a population of 110 sub-halos, with a total M/L ratio increasing with luminosity, as observed in early-type galaxies (tilt of the fundamental plane). 5. The shape of the diffuse halo of A2163-A1, elongated in the direction of A2163-A2, supports a scenario in which, after the merger, the halo of the former has relaxed to an elliptical shape which points to the latter. In fact, although the halo center has been found within ∼ 2 from the BCG, the X-ray main peak (in Maurogordato et al. 2008 ) is far from being coincident with their (nearly common) positions, which disfavors a premerging phase. We note that our estimated values of the halo ellipticity and position angle have an error about an order of magnitude smaller than previously found. On larger scales, a confirmation of this merging scenario is not possible with strong lensing only. 6. From our fiducial model, we have measured the cluster cumulative projected total mass profile very precisely and have found that M (< 100 kpc) = 4.75 +0.23 −0.20 × 10 13 M , which is consistent with the value with significantly larger statistical errors found in the literature. 7. When a diffuse mass component (mostly of DM) is used to model A2163 core, its center is found between the BCG and the main X-ray peak, identified by Maurogordato et al. (2008) between the east and the west sub-structures in the cluster core. Models which separate the mass contributions of the galaxies, the DM and the hot gas need to be explored, as they might mitigate the offset between the BCG and the diffuse halo. In this direction, a relevant and new approach has been presented for the cluster MACS J0416.1-2403: in Bonamigo et al. (2017) , the total mass and hot gas distributions have been separated and, in Annunziatella et al. (2017) , the further subtraction of the stellar component and the consequent decoupling of the DM distribution has led to a complete mass decomposition. If these models will confirm a significant difference between the centers of the stellar and DM components, we should not exclude the self-interaction of DM as a possible explanation for it. In fact, the relative positions and the alignment of the mass components of our fiducial model are consistent with the predictions of such a scenario for merging sub-clusters. 
